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Dendritic spines in postnatal mammalian cortex are initially overproduced and then 
eliminated during adolescence to achieve stable synapses and appropriate levels of excitation. 
We demonstrate that an L1-family cell adhesion molecule, Close Homolog of L1 (CHL1), and a 
secreted class 3 semaphorin, Sema3B, regulate dendritic spine remodeling in adolescence 
through adulthood in the prefrontal cortex and visual cortex of postnatal mice. CHL1 was found 
to complex with Neuropilin-2 and PlexinA4 to form a CHL1 holoreceptor responsive specifically 
to Sema3B to induce spine remodeling. Additionally, loss of CHL1 leads to increased spine 
density and immature spine morphology on apical but not basal dendrites of cortical pyramidal 
neurons. Dysregulated spine remodeling, as is seen with loss of CHL1, is one of the leading 
hypotheses to explain abnormal spine density and synaptic connections observed in neurological 
disorders such as schizophrenia and autism spectrum disorder. This novel spine retraction 
mechanism through CHL1 and Sema3B is important for understanding how dendritic spines are 
formed and pruned during postnatal development and is directly relevant for future research on 






Synaptic connections between neurons in the brain are responsible for transmitting 
information to govern every facet of our existence. These synaptic connections, which are 
comprised of a presynaptic neuron, synaptic cleft, and postsynaptic neuron, are constantly 
forming and collapsing based on the use of the synapse. This use-dependent modulation of 
neuronal connections is a phenomenon known as synaptic plasticity (Südhof and Malenka, 
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2008). The physical manifestation of synaptic plasticity is synaptic remodeling, in which 
physical components of the synapse form or collapse. Due to its prevalence in the brain at all 
stages of development, the synaptic remodeling of neurons is integral for determining the 
microscopic and macroscopic functioning of the brain. On a small scale, synaptic remodeling is 
necessary for the formation and maturation of individual synapses for neuronal communication. 
On a larger scale, which integrates the plasticity of all of the individual neuronal connections, 
synaptic remodeling is implicated many important developmental processes such as learning and 
memory (Kleim et al., 2002; Mayford et al., 2012) 
One of the most important players in the synaptic plasticity and remodeling of synapses 
are spines located on the dendritic branches of neurons. Usually functioning as the postsynaptic 
end of a synapse between an axon and a dendrite, spines are crucial for the brain’s excitatory 
synaptic transmissions and serve as the primary postsynaptic compartment for excitatory input 
(Hering and Sheng, 2001).  During human development, the density of these spines along 
dendritic branches will change as synaptic connections are either discarded by the cell or made 
permanent via synaptic plasticity.  Previous research (Petanjek et al., 2011; Peter R., 1979) has 
indicated that the density of dendritic spines in humans is highest in adolescence during the peak 
of learning when synaptic connections are not nearly as permanent. With age, however, some 
synapses mature and become permanent while others are collapsed or “pruned”. The 
dysregulation of these processes can be detrimental. Dysregulated spine pruning and remodeling 
is one of the leading hypotheses to explain abnormal spine density and dysregulated synaptic 
connections in neurological disorders such as schizophrenia (Montag-Sallaz et al., 2003; Penzes 
et al., 2011; Sakurai et al., 2002) and autism spectrum disorders (ASD) (Hutsler and Zhang, 
2010; Penzes et al., 2011).  
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The biochemical mechanisms by which spines are remodeled is largely unknown. Cell 
adhesion molecules (CAMs), transmembrane proteins located in dendritic spine, have been 
recently identified as drivers of spine pruning and the regulation of synaptic connections (Mohan 
et al., 2018, 2019; Sytnyk et al., 2017). In addition to spine remodeling, CAMs host many other 
functions within the mammalian brain, ranging from vesicle endocytosis to stress responses to 
learning (Sytnyk et al., 2017).  With regards to spine remodeling, the L1 family of CAMs (L1, 
Close Homolog of L1, NrCAM, and Neurofascin) has proved to be particularly adept at 
regulating spine density throughout the mouse cortex. In order to elicit a response, L1 CAMs 
often complex with two proteins, Neuropilins (1/2) and PlexinAs (1-4), to form a complete 
holoreceptor.  
Potent effectors of these L1 CAM holoreceptors are semaphorins, a class of secreted 
extracellular signaling proteins (Alto and Terman, 2017). Semaphorins (Semas) have been 
primarily implicated as drivers for axon guidance, growth cone induction, and axon repulsion 
(Alto and Terman, 2017; Koropouli and Kolodkin, 2014), but recent research has proved certain 
Sema sub-classes to be responsible for neuronal morphogenesis, including spine remodeling 
(Koropouli and Kolodkin, 2014; Mohan et al., 2019). Additionally, recent work (Castellani et al., 
2004) has connected the functions of L1 CAMs and Semaphorins by demonstrating that L1 
CAMs mediate axon repulsion in response to secreted class 3 semaphorins. This relationship 
between L1 CAMs and Sema3s for axonal guidance paired with their demonstrated roles in 
neuronal morphogenesis illuminate the hypothesis that Sema3s might be involved with dendritic 
spine remodeling through L1 CAMs. 
The focus of this paper is investigating the remodeling of dendritic spine density in 
cortical pyramidal neurons by a member of the L1 CAM family, Close Homolog of L1. Close 
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Homolog of L1 (CHL1) has been previously implicated in axonal guidance and growth cone 
collapse (Wright et al., 2007), but its involvement in synaptic spine remodeling is previously 
unexplored. CHL1 is highly expressed in the cortex (Lein et al., 2007), and we identified two 
brain regions interest within the cortex to study CHL1: the prefrontal cortex (PFC), which has 
been important for social and cognitive behaviors (Yizhar, 2012), and the visual cortex (V1), 
which shows profound spine pruning (Bian et al., 2015). Here, we demonstrate that loss of CHL1 
in mice leads to increased spine density and deviant spine morphology on apical but not basal 
dendrites of cortical pyramidal neurons. We show CHL1 complexes with Neuropilin-2 (Npn2) 
and PlexinA4 (PlexA4) in the PFC and V1, and the completed CHL1 holoreceptor mediates 
spine density in response to Sema3B, a secreted class 3 semaphorin. These results support the 
notion that L1 CAMs, specifically CHL1, function within Sema3B holoreceptor complexes as 
critical determinants of spine pruning in the maturing cortex. 
 
Materials and Methods 
Mice 
Wild Type (WT) and CHL1 Knockout (CHL1 KO) mutant mice with a C57BL/6 genetic 
background have been described (Demyanenko et al., 2014; Montag-Sallaz et al., 2003). 
NexCre-ERT2mice (C57BI/6J) (Agarwal et al., 2012) were crossed with the Ai9 reporter line 
Rosa-CAG-(LoxP-Stop-LoxP-tdTomato)-WPRE (C57BI/6) (Madisen et al., 2010); from ages 
P10-P13, mice were treated with tamoxifen to induce recombination specifically in postmitotic, 
postmigratory pyramidal neurons as described (Mohan et al., 2019). Mice were maintained in the 
University of North Carolina (UNC) Animal Facility and handled according to Institutional 
Animal Care and Use Committee policies in accordance with NIH guidelines. 
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Analysis of Spine Density and Dendritic Arborization in Golgi-labeled Pyramidal Neurons 
Mice at P21 or P60 were anesthetized with isoflurane, rapidly frozen in isopentane, and 
were subjected to Golgi impregnation. Coronal Sections (100 µm) containing the PFC and V1 
were cut on vibratome and mounted on gelatin-coated microscope slides. Golgi-labeled neurons 
were imaged under brightfield illumination using a Z-stacks of images to capture z-axis 
projections of dendrites. Spine density and arborization were quantified using MBF Bioscience’s 
Neurolucida software by investigators blind to genotype. 
 Spines were manually scored in Neurolucida, and mean spine number per micron of 
dendritic length (spine density) was subsequently automated by the software.  Spines were 
scored along the first branch of the apical dendrite (100-150 microns from soma); for basal 
dendrites, spines were scored on 3-5 secondary branches (35-50 µm segments). 
 Dendritic arborization was measured in Neurolucida by Sholl analysis. The soma was 
defined as the center, and dendrites were manually traced.  Once saved and loaded into software, 
concentric circles of 10 µm radiated out from center to 300 µm and the number of unique 
branching events were reported by software. 
 Morphologies of spines were scored as thin, stubby, or mushroom on apical and basal 
dendrite segments from WT and CHL1 KO mice at P21 and P60 as described (Peters and 
Kaiserman-Abramof, 1970).  To compare apical and basal dendrites across genotypes in PFC 
and V1, multinomial logistic regression was applied (Agresti, 2002).  The regression method 
applies a pair of logistic regression models because the response comprises three spine types. 
Since thin spines constituted the smallest number of spine types in all regions and genotypes, we 
formulated the two models as log-odds of the outcome to be mushroom instead of thin, and log-
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odds of the outcome to be stubby instead of thin. In each logistic model, the main independent 
variable was genotype (WT or CHL1 KO) and was coded as a binary indicator variable. To 
compare across genotypes in each region (apical and basal dendrites), we utilized ‘multinom’ 
from the R ‘nnet’ package to estimate the multinomial logistic regression models. 
 
Immunoblotting and Immunoprecipitation   
Mouse cortex (P7, P14, P21 and P80) was homogenized in lysis buffer (1% Brij 98, 10 
mM Tris-Cl pH 7.0, 150 mM NaCl, 1mM EDTA, 1mM EGTA, 200 µM Na3VO4, 10 mM NaF, 
1X protease inhibitors). Lysates (50 µg) were subjected to SDS-PAGE and transferred to 
nitrocellulose. Filters were blocked in TBS-Tween containing 5% nonfat dried milk and 
incubated overnight in the following antibodies: anti-CHL1 (1:500), anti-Sema3B (1:500), or 
anti-actin (1:1000). Blots were washed and incubated in HRP-conjugated secondary antibodies 
(1:5000) for 1 hr before being developed using Western Bright ECL Substrate and exposed to 
film for various times to obtain a linear response density. Bands were quantified by 
densitometric scanning using NIH ImageJ. Synaptoneurosomes were prepared from P28 mouse 
brain as described (Villasana et al., 2006). Protein complexes were immunoprecipitated using 
goat anti-CHL1 antibodies and protein A/G Sepharose, separated on SDS PAGE gels, and 
immunoblotted with antibodies against Npn2, Npn1, PlexA1, PlexA2, PlexA3, or PlexA4 using 
Western Bright ECL Substrate.   
 To determine binding of CHL1 and Sema3B, HEK293T cells were transfected with 
CHL1 and treated with Fc or Sema3B-Fc for 30 min at 37C.  Cells were washed with Optimem, 
lysed in Brij98 lysis buffer, and Fc-proteins were pulled down with Protein A/G Sepharose 
beads. Pull downs were run on an SDS-PAGE gel and Western blotted with CHL1 antibodies. 
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Semaphorin-Induced Spine Retraction in Cortical Neuronal Cultures 
Neuronal cultures were prepared from WT and CHL1 KO mutant embyros (E15.5) as 
described (Demyanenko et al., 2014). Cells were cultured on chamber slides coated with laminin 
and poly-D-lysine and were transfected in vitro (DIV11) with pCAGG-IRES-mEGFP and 
indicated plasmids. At DIV14, cultures were treated with 5 nM recombinant Fc fusion proteins: 
Sema3A, Sema3B, Sema3C, Sema3E, Sema3F, and ephrinA5, or control Fc for 30 minutes 
before fixation in 4% paraformaldehyde (PFA). The cultures were then permeabilized with 0.3% 
Triton X-100, blocked in 10% serum, and labeled with anti-GFP and secondary AlexaFluor 488 
antibodies.  Spine densities were measured from confocal images of at least 10 GFP-labeled 
neurons in each of 4 replicate cultures. Mean spine densities ± SEM were compared by the t-test 
(2-tailed, *p < 0.05). 
  
Immunofluorescence Staining and Localization 
Mice were anesthetized, perfused transcardially with 4% paraformaldehyde, and 
processed for staining as described (Demyanenko et al., 1999). Brains were removed and fixed in 
4% paraformaldehyde overnight at 4°C, and coronally sectioned using a Vibratome (100 µm). 
Sections were permeabilized in 0.3% Triton-X100 and blocked in 10% normal donkey serum in 
PBS for 1 hr, and subjected to immunofluorescence staining for CHL1, Sema3B, or NrCAM. 
Mouse cortical neuronal cultures transfected with pCAGG-IRES-mEGFP were fixed at DIV14 
for immunofluorescence staining as described (Demyanenko et al. 2014). Sections or cultures 
were incubated for 2h with chicken anti-GFP, goat polyclonal anti-CHL1, rabbit polyclonal anti-
Sema3B, or rabbit polyclonal anti-NrCAM.  After washing, samples were incubated with anti-
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chicken AlexaFluor488, anti-goat AlexaFluor647 or anti-rabbit AlexaFluor555 (1:500) for 2 hr 




Increased Spine Density on Apical Dendrites of Cortical Pyramidal Neurons in CHL1-deficient 
mice 
To determine the role of CHL1 in the regulation of dendritic spine density in the PFC and 
V1, pyramidal neurons of Wild Type (WT) and CHL1 Knockout (CHL1 KO) mice were 
analyzed for differences in spine density. To compare across ages, Golgi-labeled pyramidal 
neurons were analyzed in mice aged at postnatal day 21 (P21), the mouse equivalent of 
adolescence when spine remodeling is peaking, and at postnatal day 60 (P60), when adulthood is 
realized, and synapses are more stabilized. Additionally, two types of dendrites were analyzed: 
apical dendrites, which branch off from the primary dendrite, and basal dendrites, which are 
generally found connected to the soma. Previous research has shown that apical and basal 
dendrites greatly differ in their intrinsic properties. Notably, apical and basal dendrites have been 
shown to have different size, orientation, and differing responses to guidance molecules 
(Arikkath, 2012; Wu et al., 2015).  Therefore, we compared apical and basal dendrites to assess 





Figure 1. CHL1 regulates dendritic spine density on P21 and P60 pyramidal neurons in the mouse prefrontal 
and visual cortex.  
A-F) Representative Golgi-labeled star pyramidal neuron apical and basal branches in PFC and V1 in WT and 
CHL1 KO mice at P21. Quantification of spine density showed a significant increase on apical but not basal 
dendrites of star pyramidal neurons of CHL1 KO compared to WT mice at P21 (*p = 1.70E-07 (PFC), 0.0377 (V1); 
2 tailed t test). Number of Mice: 3 per genotype. Number of neurons scored: WT, n = 11 (apical), n = 10 (basal); 
CHL1 KO, n = 10 (apical), n = 10 (basal). Total number of spines counted in each condition ranged from 280-563. 
 G-L) Representative Golgi-labeled star pyramidal neuron apical and basal branches in PFC and V1 in WT and 
CHL1 KO mice at P60. Quantification of spine density showed a significant increase on apical but not basal 
dendrites of star pyramidal neurons of CHL1 KO compared to WT mice at P60 (*p = 0.017 (PFC), 0.0176 (V1); 2 
tailed t test).  Number of Mice: 3 per genotype. Number of neurons scored: WT, n = 10 (apical), n = 10 (basal); 
CHL1 KO, n = 10 (apical), n = 10 (basal). Total number of spines counted in each condition ranged from 450-863. 
Scale Bar = 10 µm. 
 
In the PFC, spine density on apical dendrites was markedly higher in CHL1 KO mice 
compared to WT mice at age P21 (Fig 1 A,C). However, spine density on basal dendrites was not 
significantly different between CHL1 KO and WT groups (Fig. 1 B,C).  In congruence with the 
results from PFC, the V1 region also showed marked increase in spine density from WT to 
CHL1 KO on apical but not basal dendrites (Fig. 1 D-F). To determine if increased spine density 
persisted into adulthood, spine density was analyzed at P60. In both the PFC and the V1, spine 
density on apical but not basal dendrites increased from WT to CHL1 KO genotype (Fig. 1 G-L). 
Based on these results, CHL1 presence is important for the mediation of spine density in the PFC 
and V1 from adolescence into adulthood. 
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Dendritic Arborization Unchanged with Loss of CHL1 
Figure 2. CHL1 Regulates Dendritic 
Spine Density without altering 
Dendritic Arborization. 
A,C) Representative images of Golgi-
labeled pyramidal neurons in PFC and 
V1 of WT and CHL1 KO mice at P60.  
B,D) Sholl analysis indicated no 
significant differences (single factor 
ANOVA) in branching of apical 
dendritic arbors at indicated distances 
(means ± SEM) within a 10-300 μm 
radius from the pyramidal cell body of 
WT (3 mice, n = 10 neurons) and CHL1-
KO mice (3 mice, n = 10 neurons). Scale 
bar = 100 µm. 
 
Since CHL1 is involved in 
many processes unrelated to spine 
dynamics, dendritic arborization 
(branching) was analyzed to 
assess if loss of CHL1 was affecting larger morphological processes, such as dendritic growth, in 
the neurons. Golgi-labeled PFC and V1 pyramidal neurons from WT and CHL1 KO at age P60 
were analyzed at radius from 10 um to 300 um and individual branching instances of dendrites 
were compared at each radial point. In both the PFC and the V1, there were no significant 
differences in dendritic arborization at any radial point (Fig. 2 A-D). Based on these results, the 
most apparent morphological effects of CHL1 loss were isolated in the spines. 
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Spines with Thin Morphology Increase with Loss of CHL1 
 
Figure 3. CHL1 Regulates Spine Morphology at P60 on Apical Dendrites of PFC and V1.  
A-B) Representative Golgi-labeled apical and basal dendrites in PFC and V1 of adult WT and CHL1 KO mice at 
P60.  Arrows indicate spines with thin morphology. Scale bar = 10 µm.  
C)  Percent of spines of different morphological types (mushroom, stubby, thin) on apical and basal dendrites of 
Golgi-labeled pyramidal neurons in PFC and V1 at P60.  Multinomial regression analysis tested the effect of 
genotype on spine morphology and yielded p-values that indicated a significant difference (*) in log-odds for spines 
to be mushroom instead of thin or stubby for apical but not basal dendrites of CHL1 KO mice in both regions (*p < 
0.001). WT mice (3 mice, n = 20 neurons, 886 spines) and CHL1 KO mice (3 mice, n = 27 neurons, 1105 spines). 
 
To investigate the morphological effects of CHL1 loss on spines themselves, spines were 
scored based on morphology for both WT and CHL1 KO mice at age P60. Spine morphology is 
viewed as a continuum ranging from filopodia-like spines, which are highly dynamic, to mature 
spines, which are rarely dynamic (Berry and Nedivi, 2017). The three morphology types scored 
for this experiment were mushroom (mature), stubby (immature), and thin types (filopodia-like). 
Each spine type was quantified based on its percentage of the total spines. At P60, a significant 
increase in percentages of thin spines on apical dendrites were found between WT and CHL1 
KO mice in both the PFC and V1 (Fig. 3 A-C).  To compensate for this increase in percentage of 
thin spines, there was a slight decrease in both mushroom and stubby spines (Fig. 3 C). Basal 
spine morphology in the PFC and V1 did not significantly change from WT to CHL1 at any age 
(Fig. 3 A-C). Multinomial regression, a form of statistical analysis, was performed on these data 
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because each morphology percentage is interdependent on each other. For example, if percentage 
of one morphology type increases, another morphology type must decrease to compensate. 
Multinomial logistic regression uses a log-odds system within each genotype and keeps the main 
independent variable as genotype (WT or CHL1 KO) to determine significance.  Based on these 
results, it is apparent that loss of CHL1 increases the proportion of thin spines, which are not 
mature and highly dynamic, on apical but not basal dendrites. Therefore, CHL1 is not only 
responsible for the pruning/remodeling of dendritic spines but also for the maturation of spines. 
 
CHL1 Complexes with Neuropilin-2 and PlexinA4 
 
Figure 4. CHL1 complexes with Neuropilin-2 (Npn2) and PlexinA4 to form the CHL1 Holoreceptor. A) Equal 
amounts of protein from the synaptoneurosome fraction of P28 mouse brain were immunoprecipitated with CHL1 
antibodies (CHL1 IP), and associated Npn1/2 or PlexA1-4 were identified by immunoblotting.  Equivalent 
exposures of immunoblots show that CHL1 co-immunoprecipitated with Npn2 to a much greater extent than with 
Npn1, and associated with PlexA4 but not detectably with PlexA1, -2, or -3. Input lanes demonstrate the presence of 
each protein in the synaptoneurosome fraction. This experiment was repeated 6 times with similar results. B) CHL1 
was immunoprecipitated and associated directly with Npn2 as shown by co-immunoprecipitation from HEK293T 
cells transfected with CHL1 and Npn2. C) Lysates from WT or CHL1 KO mice were blotted for Plexin A4, 
Neuropilin-2 (Npn 2) and CHL1. For each genotype, blots were conducted on input, NIg, and Npn2 
immunoprecipitation. D) Schematic of the CHL1 holoreceptor complex containing CHL1, Npn2, and PlexA4. 
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After the CHL1’s role in regulating spine density was investigated, the molecular 
mechanism by which it regulates spine density was characterized.  The first step to characterize 
the CHL1 receptor was to identify possible binding partners. Based on a previous 
characterization (Demyanenko et al., 2014) of NrCAM, a related L1-family CAM, the most 
likely proteins for CHL1 to bind would be a combination of Neuropilin (1 or 2) and Plexin A(1, 
2, 3 or 4). To investigate these options, CHL1 was immunoprecipitated and each possible 
binding pattern of Neuropilin and Plexin were performed and tested using Western Blots.  
Synaptoneurosomes, homogenized brain tissue containing pinched-off presynaptic terminals and 
attached to postsynaptic sacs, are enriched in scaffolding proteins of the postsynaptic density 
(PSD) (Villasana et al., 2006), which make them ideal for immunoprecipitations of CHL1. The 
synaptoneurosomes were immunoprecipitated for CHL1 and Western blotted for both 
Neuropilins (1/2) and all four PlexinAs (1-4), and the experiment was repeated six times. Based 
on the resulting blots, CHL1 most strongly associated with Neuropilin-2 and PlexinA4 (Fig. 4 A-
C). CHL1 faintly associated with Neuropilin-1, which has previously been shown to be a binding 
partner of CHL1 (Wright et al., 2007), but did not bind as strongly as Npn2 (Fig. 4 A). CHL1 did 
not discernably associate with PlexinA1-3 (Fig. 4 A).  All components were present in the 
synaptoneurosome fractions (input, Fig. 4 A). To follow up on these findings, a co-
immunoprecipitation was performed in HEK cells transfected with CHL1 and Npn2, and CHL1 
was found to directly bind with Neuropilin-2 (Fig. 4 B). Additionally, WT and CHL1 KO 
synaptoneurosomes were immunoprecipitated for Npn2 and blotted for CHL1, Npn2, and Plexin 
A4 (Fig. 4C). These results are consistent with the interpretation that CHL1 engages Npn2, 
which associates with signaling subunit PlexA4 to comprise a holoreceptor complex for Sema3B 
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in the postsynaptic membrane (Fig. 4C). Based on these findings, CHL1 associates with Npn2 
and Plexin A4 to form the CHL1 holoreceptor (Fig. 4D). 
 
Semaphorin Signaling 
Neuropilins and Plexin A’s have been shown to act as co-receptors for secreted 
semaphorins, which are important for regulating neuronal connections (Rohm et al., 2000). 
Previous research (Koropouli and Kolodkin, 2014; Mohan et al., 2019) has illustrated that class 3 
semaphorins are effectors of some L1 CAMs for spine regulation. Since secreted semaphorins, 
specifically class 3 semaphorins, are demonstrated effectors of Neuropilin/Plexin as well as other 
L1 CAMs, we hypothesized the CHL1 holoreceptor might mediate spine retraction and 
remodeling through semaphorin signaling. 
 
Figure 5. Treatment with Sema3B and Sema3F 
promote spine retraction on apical dendrites of 
cortical pyramidal neurons in culture from WT 
but not CHL1 KO mice.  
Quantification of spine density (mean ± SEM) on 
apical dendrites of WT neurons (DIV14) treated with 
Fc, Sema3B-Fc, Sema3C-Fc, Sema3D-Fc, Sema3E-
Fc, Sema3F-Fc, and EphrinA5 (5 nM, 30 min).  
Treatment with Sema3B-Fc and Sema3F-Fc led to 
significant decreases in spine density (*p = 0.015 
(Sema3B), 1.67E-05 (Sema3F), 2 tailed t test; n =10 
neurons for each condition). Total number of spines 




To begin our investigation, we identified a handful of secreted semaphorins that would be 
appropriate to test based on in situ hybridization data of postnatal expression in the mouse cortex 
(Lein et al., 2007): Sema3A, Sema3B, Sema3C, Sema3E, and Sema3F. Additionally, we tested 
Ephrin A5 because CHL1 has been shown to associate with its receptor, EphA7 (Demyanenko et 
al., 2011). The ability of Sema3-Fc proteins to induce spine retraction was tested in WT primary 
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cortical neuron cultures expressing GFP. At DIV14, the cultures were treated with Fc-fusion 
protein (5 nM) for 30 minutes as described (Demyanenko et al., 2014). After being treated with 
Fc, Sema3-Fc’s, or EphrinA5, cells were fixed and immunostained to enhance expressed GFP. 
Then, spine density was analyzed using Neurolucida Software from confocal z-stack images as 
described (Mohan et al., 2019).  Of the six treatment groups, Sema3B-Fc and Sema3F-Fc were 
the only treatment groups to elicit a statistically significant decrease in spine density when 
compared to Fc-treated (Fig. 5). Sema3B-Fc caused a 32% decrease in spine density while 
Sema3F caused an 81% decrease (Fig. 5). Despite this large decrease in spine density, a 
respectable density of spines remained in each treatment group, suggesting that different spine 
subpopulations may be responsive or unresponsive to different ligands. In contrast, Sema3A-Fc, 




Figure 6. Treatment with Sema3B Induces Spine Retraction through CHL1. A) Representative images of apical 
dendritic branches in Fc and Sema3B-Fc treated neuronal cultures from WT and CHL1 KO mice. Scale bar = 10µm. 
B) Representative images of apical dendrites in Fc and Sema3F-Fc neuronal cultures from WT and CHL1 KO mice. 
C) Quantification of spine density (mean ± SEM) in WT and CHL1 KO neuronal cultures treated with Fc, Sema3B-
Fc, or Sema3F-Fc.  Sema3B-Fc led to a significant decrease in mean spine density per neuron (±SEM) for WT but 
not CHL1 KO neurons (*p = 0.005, 2 tailed t test). Sema3F-Fc led to a significant decrease in spine density for WT 
and CHL1 KO (*p = 1.40E-06 (WT), 6.48E-09 (CHL1 KO), 2 tailed t test). Number of neurons scored:  WT, n = 10 
(Fc), n = 10 (Sema3B-Fc), n = 14 (Fc), n = 14 (Sema3F-Fc); CHL1 KO, n = 18 (Fc), n = 18 (Sema3B-Fc), n = 16 
(Fc), n = 17 (Sema3F-Fc). Total number of spines counted in each condition ranged from 234-1098. 
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To test if CHL1 mediates spine retraction through Sema3B or Sema3F signaling, cortical 
neuronal cultures from CHL1 KO mice were transfected with GFP (DIV11), treated with Fc-
fusion proteins (5 nM) for 30 min (DIV14), and apical dendrites were analyzed for spine 
retraction. Starting spine density was not significantly different between WT and CHL1 KO 
cultures. Treatment with Sema3B-Fc induced spine retraction in WT cultures (32%) but not in 
CHL1 KO cultures (Fig. 6 A, C). Treatment with Sema3F-Fc, however, decreased apical spine 
density by a comparable amount in WT (50%) and CHL1 KO cultures (46%) (Fig. 6 B,C). Based 
on this result, Sema3F is most likely not involved in CHL1-mediated spine retraction since its 
effect on spine density was still apparent in the CHL1 KO neurons. Recent research shown that 
the Sema3F spine retraction is mediated through NrCAM, another L1 CAM (Mohan et al., 
2019). Based on these results, CHL1 mediates spine retraction in cortical pyramidal neurons 
through Semaphorin 3B.  
 
Expression and Interaction of CHL1 and Semaphorin 3B  
 
Figure 7. CHL1 and Sema3B modulate 
throughout development but do not directly 
bind. A) Expression of CHL1 and Sema3B in 
cortical lysates (equal amounts of protein) from 
WT mice during postnatal development (P7, P14, 
P30 and adult). Reprobing of the same blot for 
actin is shown below. Levels of expression of 
CHL1 and Sema3B relative to actin are calculated 
from densitometric scanning. B) Sema3B-Fc or Fc 
proteins (10 nM) were incubated with HEK293T 
cells expressing CHL1 for 30 min, then washed extensively, and lysed.  Fc proteins were pulled down from equal 
amounts of lysates with Protein A/G-Sepharose and immunoblotted for CHL1. Input lanes demonstrate equivalent 
levels of CHL1 expression in cell lysates. Results of prolonged exposure of blots show no direct binding of 
Sema3B-Fc or control Fc to cells expressing CHL1.  
 
The expression of CHL1 and Sema3B were investigated across the lifespan of a mouse 
by immunoblotting WT cortical lysates from postnatal brains at P7, P14, P30, and Adulthood. 
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Lysates were immunoblotted for CHL1, Sema3B, and actin, which served as a control for protein 
loading. During postnatal development (P7-P30), CHL1 and Sema3B are co-expressed until 
adulthood (A), when Sema3B expression remains steady and CHL1 expression declines relative 
to actin (Fig. 7A) 
To determine if Sema3B and CHL1 are directly binding, a cell binding assay was 
performed. HEK293T cells expressing CHL1 were incubated with Fc or Sema3B-Fc.  After 
washing, Fc proteins were pulled down with Protein A/G-Sepharose and probed for CHL1. 
CHL1 was not detected in Fc or Sema3B-Fc treated lysates (Fig. 7B). These results indicate that 
















Immunostaining and Localization of CHL1 and Sema3B 
 
Figure 8. Localization of CHL1 and Sema3B in cortical pyramidal neurons in postnatal mouse neocortex at 
P21. A-J) Nex1-CreERT2:Ai9 mice were induced to express tdTomato (red) in postmitotic pyramidal neurons by 
tamoxifen injections, and brains were harvested at P21.  Immunofluorescence staining was carried out for CHL1 
(blue) and Sema3B (green) in PFC and V1. Nonimmune IgG control is shown as an inset in C, F. Scale bar = 50µm. 
A,D) Left panels show tdTomato (red) labeling in unstained sections of PFC and V1. Larger right panels show 
localization of CHL1 (blue) in cell bodies of tdTomato-positive neurons (red), appearing as magenta.  
B,E) Localization of Sema3B (green) in cell bodies of tdTomato-positive neurons (red), appearing as yellow. 
C,F) Colocalization of CHL1 (blue) and Sema3B (green) in cell bodies of tdTomato-positive pyramidal neurons 
(red), appearing as white. 
G-J) Higher magnification of images of apical dendrites in the same sections shows co-localization of CHL1 and 
Sema3B on numerous spines, appearing as white.   
 
To visualize the co-expression of CHL1 and Sema3B in pyramidal neurons, double 
immunofluorescence staining was performed on cortical sections of PFC and V1.  Sections came 
from Nex1-CreERTM:Ai9 mice, in which fluorescent tdTomato marks postmitotic pyramidal 
neurons (Mohan et al., 2019). After tamoxifen induction from P10-P13, numerous pyramidal 
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neurons expressed tdTomato (Fig. 8, Left Panel A,D). From these images, the cell soma and 
surrounding processes can clearly be seen at low magnification. CHL1 staining is apparent on 
stained pyramidal cells (Fig 8, Right Panel A,D). Sema3B staining is also evident on tdTomato-
expressing pyramidal cells in both the PFC and V1 (Fig. 8, Panel B,E).  Merged images with 
CHL1 staining show that CHL1 and Sema3B colocalize on a large population of neurons (Fig. 8, 
Panel C,F). Cell counts for PFC indicate that CHL1 is expressed in approximately 22% of 
tdTomato-expressing neurons and Sema3B is present on 33% of the cell soma (186-220 cells 
scored in each of the four images). 
Additionally, around half of CHL1-expressing pyramidal cells were also Sema3B-
positive. These spines were investigated at a higher magnification, where localization of CHL1 
and Sema3B can be seen on spines (Fig. 8, G-J). Dendritic spines (n = 59 spines) were analyzed 
for CHL1 and Sema3B and 72% of spines were positive for both CHL1 and Sema3B. Therefore, 
these results support the notion that CHL1 and Sema3B are spatially co-localized and are able to 
interact to induce spine remodeling. 
 
Discussion  
In my work, I was involved in describing a novel molecular mechanism for the 
elimination of dendritic spines on pyramidal neurons through cell adhesion molecule Close 
Homolog of L1 (CHL1) and secreted class 3 semaphorin B (Sema3B) in the postnatal mouse 
cortex. Deletion of CHL1 in mice increased spine density in the prefrontal cortex (PFC) and 
visual cortex (V1) and persisted from adolescence (P21) into adulthood (P60). Despite its 
profound effects on dendritic spine density and morphology, loss of CHL1 did not cause 
significant differences in dendritic arborization.  However, loss of CHL1 did cause significant 
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differences in spine morphology of apical dendrites by increasing the relative percentage of thin 
spines. Since thin spines are characterized by small or immature “learning” synapses (Berry and 
Nedivi, 2017) and increased at the expense of mature synapses found on mushroom and stubby 
spines, CHL1 may play a role in the maturation of dendritic spines. These results show the 
specific effect CHL1 elicits on spine density and spine morphology without disrupting dendritic 
arborization on a large scale.  
We demonstrate that CHL1 complexes with Neuropilin-2 (Npn2) and PlexinA4 
(PlexA4), forming the CHL1 holoreceptor, which is activated by Sema3B to induce spine 
collapse. These results are consistent with previous findings of axon growth induced by related 
L1 CAMs being regulated by semaphorins through Neuropilin and Plexin (Castellani et al., 
2004; Demyanenko et al., 2011; Mohan et al., 2019; Wright et al., 2007). Our results showed that 
treatment with Sema3B or Sema3F causes significant spine collapse on apical but not basal 
dendrites of cortical pyramidal cultures. However, Sema3B was verified to work through CHL1 
holoreceptor because it was not able to induce spine retraction on cultures depleted of CHL1. 
Supporting this notion that CHL1-mediated spine retraction functions through Sema3B and not 
Sema3F, Sema3F was recently shown to mediate spine density through a related cell adhesion 
molecule, NrCAM (Mohan et al., 2019). This is a novel discovery of Sema3B’s profound role in 
effecting spine collapse in the PFC and V1 most likely during adolescence.  
To further explore these results in vivo, CHL1 and Sema3B were immunostained in 
cortical sections and were found to robustly colocalize in the PFC and V1 during adolescence. 
Specifically, CHL1 and Sema3B were found to co-localize on approximately 72% of dendritic 
spines, which supports the notion that they interact and associate on dendritic spines.  
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A common theme within these results is that CHL1 mediates dendritic spine remodeling 
specifically on apical but not basal dendrites of cortical pyramidal neurons. Restriction of CHL1-
dependent spine remodeling to apical dendrites of pyramidal cells may regulate the distribution 
of specific synaptic inputs. For example, apical and basal dendrites differ in the distribution of 
intra-cortical and thalamocortical inputs, as well as their mode of synaptic potentiation (Brzdak 
et al., 2019). Effects of CHL1 loss on only apical dendritic spines may reflect the localization of 
Npn2 to apical but not basal dendrites in cortical neurons (Tran et al., 2009).  
In summary, the findings suggest that CHL1 limits spine density on these apical dendrites 
in response to secreted Sema3B and serves as an essential subunit within a receptor complex 
comprising Npn2 and PlexA4. These results also add to evidence that class 3 Semaphorins 
engage different combinations of Neuropilin and PlexinA subunits to serve as multifunctional 
regulators of spine remodeling and provide a novel role for Sema3B in spine collapse. Since 
dysregulated spine pruning and remodeling is one of the leading hypotheses to explain abnormal 
spine density and dysregulated synaptic connections in neurological disorders, such as 
schizophrenia and autism spectrum disorders, these findings are directly relevant to 
neurodevelopmental disease.  
 Future investigations surrounding this project will focus on characterizing the 
downstream signaling pathways of L1 CAMs, including CHL1, to better understand the 
mechanism by which they induce spine collapse. Possible hypotheses of the events downstream 
of CHL1 include actin polymerization and/or the endocytosis of cytoskeletal elements to cause 
spine retraction. By illuminating these signaling pathways, we will be better able to understand 
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